[1] The stable isotopic (d 18 O and d 2 H) composition of meteoric precipitation integrates information on the history of water fluxes to, from, and between air masses as they traverse the continents. The development of new methods relating isotopic data to water cycle processes will increase our ability to understand this system and its response to natural and anthropogenic forcing. Here we present an analysis of 2 years (1992-1993) of precipitation isotope data from 73 sites across the conterminous United States. We focus on patterns in the spatial precipitation isotope gradients (rate and direction of isotopic change in space), a metric which we suggest reflects two factors: (1) variation in the balance of rainout and land-surface recycling for air masses moving across the continent and (2) the spatial juxtaposition of air masses carrying moisture of differing origin and rainout history (e.g., Pacific versus Gulf of Mexico moisture). We demonstrate that the position of zones of particularly high precipitation isotope slopes correspond to the time-averaged position of air mass boundaries and to regions where prevailing moisture transport trajectories interact with orographic barriers. Differences in the location of high-slope zones between winter and summer seasons and between the same seasons in 1992 and 1993 can be related to differences in circulation and weather patterns. These results suggest new opportunities for the interpretation of precipitation, vapor, and paleoclimate water isotope data in the context of regional climate dynamics through spatial analysis.
Introduction
[2] The stable isotope (d 18 O and d 2 H) composition of meteoric precipitation reflects spatial and temporal variation in climate on a variety of scales. Such variations are preserved in authigenic minerals and organic compounds and represent excellent archives for interpreting past continental climate change. In the past decades, numerous paleorecords have been investigated for reconstructing Pleistocene/Holocene climate change across the continental United States, including lacustrine sediments [e.g., Yu and Eicher, 1998; Anderson et al., 2001; Schwalb and Dean, 2002] , speleothems [e.g., Dorale et al., 1992 Dorale et al., , 1998 ] and plant cellulose [e.g., Feng et al., 2007] . The majority of this work has used isotopic data as an indirect proxy for local climate variables (e.g., temperature or precipitation amount) based on modern empirical isotope/climate correlations [e.g., Wright and Leavitt, 2006] .
[3] The isotopic composition of meteoric precipitation is also closely related to atmospheric circulation patterns through their effect on the sources and transport paths of atmospheric vapor across the continents [e.g., Lawrence et al., 1982; Friedman et al., 2002a] . In many cases, recognition of past changes in atmospheric circulation is critical to developing dynamical understanding of paleoclimatic change and its effects on continental environments [e.g., Smith and Hollander, 1999 ]. An increasing number of studies attempt to relate isotope records to dynamical climate modes and synoptic features of the atmospheric circulation [Amundson et al., 1996; Yu et al., 1997; Smith and Hollander, 1999; Feng et al., 2007] , a potentially powerful approach for reconstructing the large-scale state of climate. Such analyses require a new understanding of the modern isotopic expression of climate modes and synoptic features in order to support robust interpretations of isotopic archive data [Baldini et al., 2008] .
[4] Information on the relationship between precipitation isotopic composition and modern atmospheric circulation in the United States has been derived from short-term sampling conducted by individual research groups, longterm monitoring data collected by the International Atomic Energy Agency's Global Network for Isotopes in Precipitation (GNIP), and, more recently, the national-scale United States Network for Isotopes in Precipitation (USNIP) [Welker, 2000; Dutton et al., 2005; Vachon et al., 2007] Ingraham and Taylor [1991] demonstrated that changes in the rates of isotopic change with distance along circulation trajectories could be attributed to variation in the relative rates of rainout and resupply of water to the atmosphere through evapotranspiration. As a result of differences in rainout rates, differences in the overland path length, and differences in vapor source-region conditions, air masses arriving at a given location via different circulation trajectories often carry moisture with very different isotopic composition. For example, there are significant differences in the d 2 H andd 18 O values of moisture reaching the Great Basin via transport from the North Pacific, subtropical Pacific, Gulf of California, and Gulf of Mexico, with lower values corresponding to precipitation events derived from the more northerly sources [Friedman et al., 2002a] . A similar pattern has been observed for winter precipitation in upstate New York derived from North Atlantic, central Atlantic, and Arctic air masses, and in this system the deuterium excess value
O, a tracer of vapor source region conditions) of precipitation also varies between air masses that have interacted with the Great Lakes (high d) and those that have not [Lawrence et al., 1982; Burnett et al., 2004] . Regional variation in timeaveraged precipitation isotopic composition in several parts of the contiguous United States has been attributed in part to geographic variation in the relative amounts of water sourced via different atmospheric trajectories, for example, annual average precipitation isotope ratios are lower at sites in the southwest United States that do not receive appreciable summer monsoon precipitation, and low isotope ratios of Vermont precipitation have been associated with time periods when Arctic-derived precipitation is relatively abundant [Friedman et al., 2002b; Sjostrom and Welker, 2009] .
[5] Despite the recognition of the widespread influence of circulation on meteoric water isotope ratios, existing methods for extracting information on circulation patterns from isotope data are largely limited to the analysis of specific systems based on empirically observed isotope/circulation relationships [e.g., Baldini et al., 2008; Yoshimura et al., 2008; Birks and Edwards, 2009 ]. Here we introduce and test the hypothesis that the juxtaposition of moisture with different sources, rainout history, and isotopic composition along boundaries in the synoptic circulation should be reflected in the spatial gradient (slope -Dd 18 O/Ddistance -and aspect) of precipitation isotopic composition. Because large-scale, synoptic data on atmospheric water isotope ratios do not yet exist, we test the hypothesis by examining the relationship between time-averaged (seasonal) circulation patterns and precipitation isotopic gradients calculated from two years of monitoring data for the contiguous United States. Our analysis demonstrates robust correspondence between the isotopic gradient and atmospheric circulation that would not be clearly apparent based on raw isotopic data from individual stations or sampling networks. In contrast to previous techniques, which are applied to a single region (e.g., circulation controls over an ice core site) or assume a circulation control (e.g., North Atlantic Oscillation) a priori and then look for its isotopic expression over a large area, this technique allows different possible circulation controls over a large area to emerge empirically from the isotope data. As analytical advances and coordinated monitoring efforts lead to modern and paleowater proxy data sets that are denser in spatial and temporal resolution, the gradient analysis introduced here will represent a powerful approach to elucidating large-scale processes in the water cycle and their change over time.
Data and Methods
[6] We analyzed data generated as part of the USNIP (United States Network for Isotopes in Precipitation) program [Welker, 2000] representing more than 3400 precipitation samples collected weekly at 73 sites across the conterminous United States for 1992 and 1993. The data include d
18 O values (reported in d notation and per mil units relative to Vienna Standard Mean Ocean Water, or VSMOW, standard) and corresponding precipitation amount. Raw weekly values were used to calculate precipitation-amount weighted isotope ratios for the summer (June, July, and August) and winter (January and February; December data were not used because the available isotopic record spanned January 1992 to December 1993) seasons of each study year.
[7] Interpolated maps of precipitation d 18 O values were produced at a resolution of 2.5 arcmin with Ordinary Kriging [Moyeed and Papritz, 2002] in ArcGIS 9.2 using a spherical semivariogram model with nugget (all interpolations were conducted using the Geostatistical Analyst extension). Gradient and aspect (direction of steepest descent) were calculated for the resulting fields using the Slope and Aspect tools in the Spatial Analyst extension. Because we were interested in the reflection of large-scale (i.e., >100 km) features of the atmospheric circulation in the observational data, we chose to conduct the interpolation without the use of ancillary variables such as elevation [Bowen and Wilkinson, 2002] that would introduce highamplitude variability in the interpolated surface over short length scales.
[8] We compared the spatial precipitation d 18 O gradients with climate fields representing sea level pressure (SLP), mean surface air temperature and moisture flux obtained from the NCEP/NCAR reanalysis data set (available at http://www.cdc.noaa.gov/data/gridded/data.ncep.reanalysis. html), as well as precipitation amount obtained from Global Precipitation Climatology Project (GPCP, available at http:// jisao.washington.edu/data/gpcp). Surface temperature spatial slopes were calculated from the reanalysis grids using the same methods applied to the isotopic grids. We also provide a direct comparison with air mass distributions using Spatial Synoptic Classification (SSC) [Kalkstein et al., 1996] data (available at http://sheridan.geog.kent.edu/ssc.html). The SSC is a semiautomatic classification scheme that identifies six different weather types (dry polar, dry temperate, dry tropical, moist polar, moist temperate and moist tropical) across the North American continent based on four-timedaily observations of temperature, dew point, wind, pressure and cloud cover at an individual site. A detailed description of SSC system is given by Sheridan [2002] . For our analysis, we considered primarily the dry polar, moist moderate, and moist tropical air mass classes, as these represent the contrasting influence of polar, midlatitude oceanic, and tropical oceanic air masses most likely to provide vapor of contrasting isotopic composition to the continental interior. As an additional proxy for water vapor source history, we also calculated and mapped the spatial distribution of deuterium excess using the same ordinary kriging method applied to the isotope ratio data.
Climatological Setting
[9] The hydroclimate of the contiguous United States is dominated by the competing influence of three distinct air masses that originate over the Pacific Ocean, Gulf of Mexico/ subtropical Atlantic and the Arctic [Bryson and Hare, 1974] . The relative influence of each air mass varies spatially and temporally. During summer months, monsoonal moisture from the Gulf of Mexico and subtropical Atlantic dominate most of the contiguous United States east of the Rocky Mountain Front and contribute lesser amounts of water to the southwestern states. Pacific sources contribute moisture in the Pacific Northwest (North Pacific air masses) and southwest (Gulf of California/subtropical Pacific air masses), whereas Arctic systems exert only a minor influence on the northernmost interior states [Bryson and Hare, 1974] . During the winter, southward displacement of the jet stream and establishment of high pressure over the continental interior lead to increased dominance of moist Pacific air masses across the western United States. Anticyclonic flow around continental high-pressure systems brings dry Arctic air masses deep into the middle of the continental United States, producing frontal storm systems that severely limit the propagation of Gulf of Mexico and Atlantic moisture into the continental interior [Maglaras et al., 1995] . During both seasons, secondary vapor sources such as continental evapotranspiration [e.g., Ingraham and Taylor, 1991] and evaporation from the Great Lakes [Gat et al., 1994; Niziol et al., 1995; Burnett et al., 2004] contribute additional moisture within some regions.
[10] Reanalysis data for 1992 and 1993 demonstrate substantial differences in circulation patterns and hydroclimatology for these two years. Relative to 1992, the summer of 1993 featured intensified low pressure over the western Great Plains and a steeper pressure gradient between the subtropical Atlantic and the continental interior (Figures 1 and 2 ), leading to unusually strong transport of moisture from the Gulf of Mexico to the northern Great Plains states (Figures 1 and 3) and correspondingly high summer rainfall in this region ( Figure 4 ).
[11] For the winter months, there was a substantial difference in the geographic location of the primary high pressure for the two study years, with a strong high centered over the Rocky Mountain interior during the winter of 1992 and a more diffuse high-pressure system situated over the northern Great Plains during 1993 (Figures 1-3 ). During 1992, the west-shifted high blocked westerly storms and reduced moisture transport from the Pacific to the southwest and western interior, producing a relatively dry winter in this region (Figures 3 and 4) . East of the Rocky Mountains, the lack of a strong high over the Great Plains during 1992 reduced the occurrence of strong frontal storm systems and cyclonic moisture transport from the Gulf and Atlantic into the continental interior. This led to lower winter precipitation amounts in the Midwest and a relatively wet winter in the Gulf Coast, particularly in Texas (Figures 1 and 4 ). In 1993, higher precipitation amounts extend east from the central Great Plains to the Atlantic Coast, suggesting stronger precipitation from frontal systems in this region.
Results

Precipitation d
18 O Patterns 0.17; Z > 8.9; p < 0.01). The semivariogram model range varied from 2509 to 4128 km, suggesting that the interpolation was capturing spatial patterns at scales of hundreds to thousands of kilometers over which patterns of atmospheric circulation might be expressed. A nonzero nugget value was fit for each data set, indicating that local-scale variation existed in the data that could not be represented in the kriged surface. Root-mean-square error (RMSE) values for the interpolated surface, determined through cross validation within Geostatistical Analyst, are lower for the summer months (1.5‰ and 1.9‰ for 1992 and 1993, respectively) and higher for winter (3.0‰ and 2.8‰). These values are roughly proportional to the standard deviation of station d 18 O values for each study period (2.9‰ and 3.9‰ for summer 1992 and 1993, and 5.4‰ for both winters).
[13] Interpolated amount-weighted average d 18 O slopes reported here are close to those documented by [Welker, 2000] for a rainout transect in the Pacific Northwest (1.2‰/100 km) and [Rozanski et al., 1993] for a transects in Europe-Eurasia (0.18‰/100 km), and South America (0.30‰/100 km).
[15] The dominant feature in the isotope gradients for the summer season is a zone of high d
18 O slope (large change in d
18 O value over a short distance) located in the midcontinent ( Figure 6 ). This feature is approximately north-south oriented and centered on the eastern front of the Rocky Mountains, but the details of its geometry and geographic location differ among the two study years. During 1992, the highslope zone extends in a WSW-ENE direction across Arizona and New Mexico before curving northward along the ∼103−105th meridian to the Dakotas, and deflecting eastward to Great Lakes. In contrast, in 1993 the zone trends from the SSE to NNW across west Texas and Oklahoma (Figures 1 and 6 ). From there, strong d
18 O slopes curve northeastward across the Great Plains to the Great Lakes region. Differences in this pattern are evident between the two study years in the Sierra Nevada, where slopes during the winter of 1992 are much lower than in 1993, and in the Great Plains, where the high-slope zone is somewhat stronger and positioned farther to the north during 1993. A secondary zone of relative high d
18 O slope, which is much stronger in 1992 than in 1993, exists across the Great Lakes and north Atlantic Coast regions.
[17] We know of no analytical expression for the uncertainty of mapped d
18
O gradients presented here. Although the analysis presented in section 4.1 demonstrates that the interpolated d
O values from which the gradients are calculated have significant uncertainty associated with them, the attribution and interpretation of this error is uncertain (e.g., as a product of data error, such as sampling and analysis errors, versus a reflection of real variation in d
18 O values over small scales). As a result, error estimation would likely be best achieved through a nonparametric numerical (e.g., Monte Carlo) method, which is beyond the scope of this manuscript. Although such work should be pursued, we believe there is strong evidence that the large-scale patterns discussed here are robust. All features of the d
O gradient we discuss are spatially continuous and defined by data from many adjacent measurement stations, implying that they are not artifacts of single errant data values. For each map, a single spatial semivariogram model was used across the entire map domain, and visual inspection suggests that the spatial distribution of gradient values is not directly related to the spatial distribution (i.e., spacing) of stations, implying that the observed patterns are not an artifact of interpolation model. Last, the broad similarity of the observed seasonal patterns across 2 years of data, analyzed independently, lends support to the interpretation that the patterns are robust features of the precipitation isotope climatology. 
Patterns of Precipitation Deuterium Excess
Discussion
Orographic Effect
[19] Decreases in precipitation isotope ratios as air masses are lifted over high topography in the western United States are well documented [e.g., Ingraham et al., 1991; Dutton et al., 2005] . In several cases, zones of high-precipitation isotope slopes identified on our gradient map ( Figure 6 ) are approximately colocated with known regions of strong orographic rainout (e.g., maxima over the Cascades, summer maxima in the vicinity of the Rocky Mountain Front), suggesting that the interaction of high topography with the prevailing circulation determines the geographic location of these high-slope zones. The gradient maps, however, demonstrate that these features are not static, and vary over time in response to variation in atmospheric circulation. In the west coast region, the high-slope zone tends to be stronger and more clearly defined in the winter season, and during both seasons the feature is notably weaker across California and Nevada during 1992 than 1993 (see section 5). In the summer season, high-slope values are situated along parts of the Rocky Mountain Front, but the location of maximum slope values shifts between more southerly and northerly positions in 1992 and 1993, respectively. In the eastern United States, relatively high slopes are observed in the vicinity of the Appalachian Mountains during some time periods, in particular during the winter of 1992, which may in part reflect orographic effects.
Temperature Effect
[20] Patterns of precipitation isotope ratio variation across the contiguous United States closely parallel those of temperature, with regions of low temperature being characterized by low d
18 O values ( Figure 5 ) [Harvey and Welker, 2000; Dutton et al., 2005; Bowen, 2008] . The importance of temperature-driven rainout in governing spatial patterns of isotopic change can be seen through the pair-wise comparison of seasonal temperatures and precipitation isotope ratios for monitoring stations (Figure 9 ). Isotopic differences between stations separated by 1500 km or less are well cor- −1 reported for North America, but the R 2 values are low relative to previous studies (ranging from 0.68 to 0.97) [Joussaume and Jouzel, 1993; Harvey and Welker, 2000] .
[21] We also calculated the approximate slopes expected for these relationships if they were a pure function of temperature-driven rainout using the Rayleigh equation
where R and R i are
18
O/ 16 O ratio of the remaining water vapor and its initial value, respectively. The fraction of the water vapor remaining ( f ) is determined by the change in saturation vapor pressure of water, with an exponential dependence on temperature, and a is the temperaturedependent equilibrium liquid-vapor isotope ratio fractionation. In order to approximate the mean conditions for each of the four study periods, Dd 18 O/DT slopes were estimated using a for the average station temperature (T a ) and calculating f as the ratio of saturation vapor pressure at T a − 15 to that at T a . The observed Dd 18 O/DT slopes are similar to, but in all cases lower than, the theoretical ones, and together with large scatter of observed values are consistent with the large body of literature that has demonstrated the importance of nontemperature effects, such as variation in moisture sources, transport trajectories and recycling from the landscape [Rozanski et al., 1992; Fricke and O'Neil, 1999; Kohn and Welker, 2005] on controlling spatial precipitation isotope ratio distributions. [22] Although spatial variation in temperature clearly influences the large-scale pattern of precipitation isotope ratio variation, comparison of the spatial slopes of seasonal temperature distributions (Figure 10 ) with the precipitation isotope ratio gradient maps (Figure 6 ) suggests that the pattern of isotope slopes is only weakly related to temperature distributions. Rayleigh theory predicts that the rate of temperature-driven isotopic change over space would be approximately proportional to the rate of temperature change. In other words, zones of high-precipitation isotope slopes should correspond to zones of strong spatial gradients in temperature. This is clearly so in some cases: for example high-precipitation isotope slopes are colocated with strong temperature gradients in the southern Rockies during most of the study periods. The relationship is inconsistent, however: high-precipitation isotope slopes occur across parts of the Great Plains during all periods despite the absence of particularly strong temperature gradients. Conversely, strong temperature gradients in the Pacific Coast States during the winter of 1992 are not accompanied by high-precipitation isotope slopes. Although variation in spatial temperature gradients may influence the pattern of precipitation isotope slopes, they appear not to be the only, or perhaps even the primary, control on this pattern.
Atmospheric Circulation Controls
[23] The d
18
O slope fields display a number of relationships with atmospheric pressure fields, precipitation fields and moisture transport patterns (Figures 2-4 ) that suggest zones of high spatial slope may be related to features of the atmospheric circulation and moisture transport. In particular, strong zones of high d
O slope dissect the midcontinent during all years and seasons in the vicinity of features of the atmospheric circulation that govern the extent of penetration of Gulf and Pacific moisture into the continental interior. We suggest that these high-slope zones correspond to the time-average position of boundaries between regions dominated by moisture from these sources and the minor arctic and continental sources.
[24] During summer, low-pressure systems in the midcontinent drive northward transport of moisture from the Gulf of Mexico and convergence of Gulf-and Pacificsourced moisture in the vicinity of the Rocky Mountain Front (Figure 3) . This boundary is approximately colocated with the dominant summer season zone of high d
18 O slopes, suggesting that the isotope slopes may reflect the spatial juxtaposition of the relatively 18 O-enriched Gulf moisture and 18 O-depleted Pacific moisture in this region. Perhaps the strongest evidence for the relationship between the high isotope slope zone and the penetration of Gulf moisture into the midcontinent comes from comparison of summer season precipitation and air mass frequency patterns for the summer of 1992 and 1993. In 1993, stronger and more northward-situated low pressure increased the penetration of Gulf-derived moisture into the upper Midwest and northern Great Plains relative to the summer of 1992, as reflected by northward-displaced contours of moist tropical (MT) air mass frequency and precipitation-amount contour in the Great Plains (Figures 4 and 11) . In each year, the high d
18 O slope zone approximately parallels the northern and western extent of MT air mass influence and corresponding high precipitation amounts, extending northward and westward to the Canadian border in 1993 and cutting to the northeast across the northern Great Plains in 1992. [25] In contrast to summer season, winter climate over the contiguous United States features intensified and more dynamic interaction of moist tropical (MT), moist moderate (MM) and dry polar (DP) air masses (Figure 11 ). Previous work has demonstrated that precipitation originating from Arctic-derived air masses is characterized by very low d
18 O values, and the interaction of these systems with 18 O-enriched vapor from tropical and midlatitude sources likely contributes to the higher mean and maximum d
18 O slope values during winter relative to summer (Figure 7) . Across the western United States, the influence of DP air masses was much stronger in 1993 than in 1992, and the resultant strong gradients in air mass characteristics between coastal regions and the continental interior are closely matched by strong wintertime d
18 O gradients during 1993. During 1992, the relatively westerly position of wintertime high pressure (Figure 2 ) reduced the influence of both DP air masses in the interior and MT and MM air masses along the coast. As a result, this winter featured a reduction of landfalling Pacific storms and relatively dry conditions in coastal California, reduced precipitation amount gradients between the coast and interior, and diminished isotope gradients in this region (Figures 3, 4 , and 11).
[26] East of the Rocky Mountains, a narrow and sharp transition zone between cool, dry continental air (dry polar, DP, air mass of Kalkstein et al. [1996] ) and relatively warm, humid maritime air (moist moderate and moist tropical, MM and MT) occurs along the polar front (Figure 11 ) [Lawrence et al., 1982] . During the winter season, this boundary coincides with the track of extratropical "Colorado cyclones" which lead to the convergence of maritime and polar air producing strong rainout [e.g., Bierly and Winkler, 2001; Whittaker and Horn, 1984] . The generalized path of these systems is well documented and corresponds closely to the geometry of the eastern branch of the high d
O slope trough observed in our study.
[27] The strength and position of this precipitation isotope slope feature varies slightly between the two study years, and is consistent with variation in the atmospheric circulation for these winters. During 1993, winter season high pressure in the continental interior was situated relatively far to the east, leading to a strong juxtaposition of DP and MT air masses along the Colorado cyclone track and promoting strong frontal precipitation across the central Great Plains and upper Midwest (Figures 2, 4, and 11) . The resultant zone of high d
18 O slope values formed a strong and continuous band along the Colorado cyclone track. Due to the more westerly position of high-pressure systems during 1992, pressure gradients in the Great Plains and Midwest were reduced. Strong juxtaposition of DP and MT air masses was limited to the southern Great Plains and southern Rocky Mountains, and precipitation amounts in the area characterized by the Colorado cyclone were relatively low (Figures 2, 4 , and 11). During this winter, the high d 18 O slope zone was of reduced magnitude and was discontinuous, with the highest slope values limited to the southern Rocky Mountain region where DP and MT air masses were most closely juxtaposed.
[28] During the winter of 1992, an additional zone of high d
18 O slopes occurs in the northeastern states, with a secondary branch extending south of the Great Lakes to Illinois. This feature is noticeably diminished during the winter of 1993, although a small zone of very high slopes is located over the northeastern states and a secondary zone of moderately high slopes occurs farther to the south. This difference may also reflect the varying influence of different air masses and vapor sources throughout the region. O slopes over the far northeastern states in 1993 separates areas strongly influenced by the DP and MM air masses.
[29] Another factor that may contribute to high d 18 O slopes in this region is the localized influence of the Great Lakes on precipitation in down-wind regions (lake effect). Previous work has demonstrated that evaporation of water from the Great Lakes is a significant source of water vapor contributing to winter season precipitation in areas downwind of the lakes and that the resultant precipitation is characterized by lower d
18 O values than precipitation from other vapor sources [Gat et al., 1994; Krishnamurthy, 1994, 1995; Burnett et al., 2004] . The formation of these lake-effect events is driven by destabilization of the overlying atmosphere by vertical fluxes of heat and recycled moisture from the lake surface, and as a result their occurrence is typically limited to a region within a few hundred kilometers of the lakes [Niziol et al., 1995; Burnett et al., 2004] . The position of the northeastern high d 18 O slope zone approximately corresponds with the expected maximum extent of lake-effect precipitation, and we suggest that high d
18 O gradients in this region may in part reflect the diminishing influence of the lake system with distance from the Lakes. Conditions during 1992 were optimal for expression of this contrast: a relatively dry winter with increased influence of MM air masses (potentially reflecting both Atlantic-and Great Lakes−influenced air masses as suggested by the two loci of high MM air mass frequency shown in Figure 11 ), decreased DP air mass influence, and slightly above average snowfall in lake effect areas (Figures 4 and 11 ) [Burnett et al., 2003] . Conversely, the winter of 1993 was relatively wet across the region, with strong influence of DP air mass, potential for frontal precipitation across the region and relatively little enhancement of snowfall in lake-effect areas. These patterns suggest enhanced regional precipitation of moisture from maritime sources, potentially diluting the contrast between lake-effect and non-lake-effect areas and diminishing the d 18 O slopes across much of the northeastern United States.
Comparison With Deuterium Excess Pattern
[30] Although the deuterium excess values of precipitation are controlled by a complex of local and nonlocal processes, the spatial distribution of d values can serve as a coarse tracer for water source given the strong influence of sourceregion conditions on the d values of evaporated water [Gat, 1996] . Patterns of d variation across the contiguous United States in two summers and winter of 1992 are in general agreement with the arguments presented so far for vaporsource controls on the patterns of d 18 O slopes (Figure 8 ).
During summer, low d values (<8‰) consistent with Pacificsourced moisture [Kendall and Coplen, 2001] [Gat et al., 1994] .
Conclusion
[31] Spatial analysis of a dense network of precipitation isotope ratio monitoring sites across the contiguous United States indicates substantial variation in the rate and direction of change in isotope values over space, the precipitation isotope gradient, and suggests that the precipitation d 18 O slope varies by an order of magnitude. This variation is spatially patterned and changes over time, with significant differences demonstrated here between summer and winter seasons and between equivalent seasons for two consecutive years. The patterns of d 18 O gradients likely reflect a complex of factors that govern the moisture sources and rainout history of atmospheric vapor contributing to precipitation at different locations, but through analysis we are able to propose a suite of features of the atmospheric circulation that appear to influence the most significant features of the precipitation isotope gradient distributions. In summer, a north-south band of steep gradients in the isotope field along the Rocky Mountain front corresponds approximately to zone of convergence of Pacific and the Gulf of Mexico air masses as defined by the strength and position of lowpressure systems over the Great Plains. During 1993, when strong northwestward transport of Gulf moisture brought flooding to the upper Midwest and northern Great Plains states, the band of steep d
18
O gradients retreated to the north and west compared to the summer of 1992, when steep gradients extended across this region. During winter, the zone of high isotope gradients encloses the Rocky Mountains and northern Great Plains, reflecting the influence of the polar front and presence of blocking high-pressure systems and cyclone tracks across this region. The westshifted position of continental high pressure during the winter of 1992 corresponded with a reduction in land-falling Pacific storms in the southwestern United States and diminished winter season isotope gradients. During 1993, the wintertime high-pressure center was situated farther east over the Great Plains, promoting frontal precipitation and cyclogenesis in the Great Plains and Midwest, increasing the cyclonic transport of Gulf and Atlantic moisture to the continental interior, and intensifying the precipitation isotope gradients in the Great Plains and Midwest while diminishing those surrounding the Great Lakes "lake-effect" region.
[32] The recognition that circulation and vapor-source patterns are reflected in precipitation isotope gradient fields at continental scales presents a number of opportunities for studying the modern atmospheric and land-atmosphere components of the water cycle. Water vapor transport and mixing have been modeled extensively but are extremely difficult to verify observationally. Moreover, there is significant concern that anthropogenic land use change and climate change are significantly modifying these processes [e.g., Betts et al., 2007; Zhang et al., 2007] . Recent advances in technology promise to enable routine regional-to continental-scale monitoring of atmospheric water vapor isotopic composition from satellite and ground-based platforms within the next decade [Helliker and Noone, 2010] . The spatial gradient analysis proposed here represents a simple method that could be applied to the resultant data to derive first-order information about atmospheric and landatmosphere moisture fluxes and test models for these processes, and could easily be adopted as a routine data analysis method in atmospheric and precipitation isotope monitoring efforts.
[33] Within the paleoclimate field, isotope archive records from individual sites have been widely useful in reconstructing time series for local paleoclimate variables, but in order to better understand past climate and the relationships between climate dynamics and climate change impacts, researchers need to be able to reconstruct synoptic and dynamic features of climate that are defined by their spatial structure [e.g., Shinker et al., 2006] . Such reconstructions may be obtained from single-site records where relationships between local climate and large-scale features are especially robust, but a less ambiguous approach would involve direct reconstruction of the spatial patterns themselves. This study demonstrates relationships between the spatial structure of precipitation isotopes and aspects of the modern atmospheric circulation over the contiguous United States. Our work suggests that changes in these features of the synoptic circulation, and in likelihood other similar features occurring elsewhere in the world, could be directly reconstructed based on spatially distributed networks of isotope archive records. Until recently the recovery of archive records required to support interpretations based on spatial analysis has been prohibitive, but advances in analytical methodology and recent examples from lacustrine and tree ring research suggest that this may no longer be the case [e.g., Feng et al., 2007] . If so, spatial analysis of isotope archive data may produce new, more direct records of past atmospheric circulation and large-scale climate features, supporting an improved understanding of past climate states and climate change impacts.
